The wideband measurement system of ΔH ω , FMR (ferromagnetic resonance) line width of microwave ferrite, is proposed. In this system, an all shielded shorted microstrip line is used as a test fixture and a specimen is inserted close to the short end. The absorption curve of FMR is observed by monitoring S11 of fixture and sweeping frequency in VNA (vector network analyzer) under constant external magnetic field. From these data, the frequency width Δω, at which an imaginary part μ" of complex permeability becomes half of maximum at resonance, is derived based on lumped element circuit model and ΔH is calculated by ΔH[Oe]=Δω[MHz]/2.8. As this ΔH is different from conventional ΔH, this is designated ΔH ω . The wideband measurement result of ΔH ω for 5mm square garnet slab over from 0.7[GHz] to 11[GHz] using just one test fixture is reported.
Introduction
The low loss microwave ferrites have been used for the non reciprocal devices such as circulators and isolators that are indispensable in today's communication systems. The important parameter of this material is FMR line width ΔH. The measurement method of ΔH is specified in the international standard of IEC60556 1) . In this standard, a specimen is inserted into a cavity and a static magnetic field is applied to cause FMR phenomenon. The perturbation theory teaches that the change of Q of cavity is directly proportional to imaginary part μ" of complex permeability of specimen. Therefore, line width ΔH can be obtained by monitoring change of Q and sweeping magnetic field. This method that belongs to resonant method has some advantages like having a high sensitivity and suitable for smaller size specimen with larger ΔH. However, with the latest improvement of microwave ferrite, there are some drawbacks like; not suitable for measuring narrower ΔH and large size specimen due to fierce deterioration of cavity Q, namely collapse of perturbation approximation. Another big issue is cost problem. If we want to cover wide frequency range, we have to prepare many cavities with different size because one cavity can measure it at just one frequency band. Especially, at lower frequency band below 3 [GHz] , big sizes of cavities are needed and this may cause handling problems as well as cost problems.
Apart from this, the non resonant method using a shorted transmission line was already proposed by Bady 2) . This method is based on usage of an analog network analyzer and has a possibility to contain some error through data analysis due to theoretical ambiguities.
In this paper, we propose a new measurement system using an all shielded shorted microstrip line similar to Bady's method. This method is supposed to use vector network analyzer (VNA) and extracts just the value proportional to imaginary part μ" of complex permeability through data analysis. From the half line width of FMR resonant absorption curve of μ", ΔH is calculated. The conventional ΔH is defined as the half line width of FMR resonant curve by sweeping static magnetic field. In this system, under the condition of constant static magnetic field, FMR line width of Δω is observed by sweeping frequency. The FMR line width of ΔH is derived indirectly using the equation of ΔH Δω /γ. As this value is different from a conventional ΔH derived from field width, this is designated ΔH ω .
This system enables us to measure narrower ΔH and larger size specimen over wide frequency range with an economical way.
The measurement methods of complex permeability for high frequency magnetic materials have been already reported using shorted strip line 3) 4) 5) 6) 7) . However, until now there is no detailed report about measurement method of ΔH ω .
. Measurement Principle
The drawing of the proposed shorted strip line with a square slab of specimen is schematically shown in Fig.1 .
The square slab of specimen is closely inserted and fixed to the short end. A disk shape and a sphere shape of specimen are also available. The static magnetic field Hext which is strong enough to saturate specimen is applied perpendicularly to the slab plane. Then FMR will occur due to interference between magnetization and rf magnetic field hrf caused by shorted strip line.
Equivalent Lumped Element C ircuits
This situation is modeled by the equivalent lumped element circuits of Fig.2 . The reference plane of equivalent circuit is assumed to be another end of specimen in Fig.3 . On the reference plane, the equivalent circuit without specimen is expressed as shown in Fig.2  (a) , where Lo is an air core inductance and Co is stray capacitance and G is stray conductance 4) . When a specimen is loaded, it is considered that the part of η of Lo is replaced by specimen's complex permeability μ=μ'−jμ" where η is coupling coefficient.
Here, Yo and Yl are input admittances of shorted strip line without and with specimen shown as follows.
Yo=G+jωCo+1
The above equations are arranged as follows;
Monitoring reflection coefficients of S11oe j δ o and S11le j δ l corresponding without and with specimen by VNA and dividing them, the next equation is obtained.
(S11l/S11o)e j( δ l-
is a characteristic admittance. The above equations are arranged as follows;
The quantities of E and F are measurable and y, G and Xc are given. If η is known, μ" could be derived through (9a)(9b)(9c)(9d), (8a)(8b),(5a) and (6a). The equation of (6a) is transformed to
that has the dimension of inductance and is observed as the value proportional to μ" because η is constant even if η is unknown. If the FMR curve of a/ω could be drawn, the half line width ΔH by sweeping magnetic field or Δω by sweeping frequency could be obtained. When both line widths of ΔH and Δω are small enough compared with resonant field Hr and resonant frequency ωr, respectively, the relationship of The reason why we adopt ΔH ω instead of ΔH is that, in an actual measurement, to sweep frequency is extensively easier and more accurate and faster than to sweep static magnetic field.
Derivation of Lo and C o
The all shielded shorted microstrip line is shown in Fig.3 Fig.3 Cross sectional drawing of all shielded shorted microstrip line with specimen. specimen becomes λ/4. The wavelength λ in free space was used because the medium of shorted strip line is air. This model stands on the assumption that the shorted strip line with length L could be regarded as the parallel lumped element circuit with Lo and Co. The reference plane for measurement is another end of specimen as shown in Fig.3 . The specimen should be installed close to the short end.
. Measurement System
This measurement system consists of a test fixture made of shorted strip line, a turn around stand to support the test fixture, a null calibration magnet, the equipment for applying normal magnetic field to specimen, VNA, and PC with specified software.
Null calibration
The null situation for Fig.2(a) was realized by applying a strong magnetic field more than 5[kOe] parallel to rf field hrf as shown in Fig.1 . We took advantage of Polder tensor property that μzz=1 always holds under the condition of hrf parallel to saturation magnetization. By using this procedure, even at lower frequency far from FMR, a/ω=0 was obtained as shown at 2 [GHz] in Fig.4. 
Turn around mechanism of test fixture and normal field
In this measurement system, static magnetic field Hext should be perfectly perpendicular to specimen plane. In order to adjust this alignment, this system has two fine tuning mechanisms that a test fixture and a magnet assembly for static magnetic field independently can turn around. Their rotational axes are orthogonally crossed so that perfect perpendicular orientation can be realized. When the main peak of FMR become minimum adjusting two screws shown in Photo.1, we judged the direction of magnetic field is perfect. This procedure takes advantage of the property that demagnetization field become maximum strength at perfect perpendicular orientation.
3.3 Derivation of ΔH ω from observed absorption curve Fig.4 shows the measured absorption curve for 10mm square garnet specimen with 0.3mm thickness and 4πMs=800 [G] . The static magnetic field Hext =1512 [Oe] was applied perpendicularly to the plane of the slab. The vertical axis is for a/ω and the horizontal axis is for frequency. There observed a main peak at lower frequency side and two MSW modes at higher frequency side. The shapes of these peaks subtly change depending on the angle between static magnetic field and specimen plane.
When the direction of magnetic field is completely perpendicular, the half line width becomes the narrowest and MSW peaks are clearly decomposed from the main peak.
The absorption peak of a/ω is not symmetrical left and right due to the influence of two MSW modes. To reduce this influence, the more correct half line width of Δω is obtained by doubling just half value at lower frequency side.
As a result, Gilbert damping constant α, FMR line width ΔH ω , and relaxation time τ are calculated by the equations 9) proportional to frequency. Here, it should be noticed that the horizontal axis also means static magnetic field because FMR resonant frequency must be changed by static magnetic field.
. Discussion
In this measurement system, there is an upper limit of measurement frequency because the equivalent circuit of shorted microstrip line was assumed as shown in Fig.2 . The length L of specimen shall be shorter enough than λ/4 where λ is a free space wave length calculated from measurement frequency. However, in this case, the equivalent circuit contains stray capacitance Co so that this assumption could be responsible for near the frequency of 4c/L where c is the light speed. According to this measurement principle, the upper limit frequency will increase with the decrease of length L of specimen. On the contrary, the sensitivity at lower frequency band will decrease so that if you want to cover wide band, various length of specimens are demanded.
As explained in Fig.4 , the shape of main peak is influenced by higher order MSW(n=3). The frequency distance between main peak and MSW is strongly affected by saturation magnetization 4πMs of ferrite. Particularly, the distance will reduce with the decrease of 4πMs so that the apparent ΔH ω will increase. We should pay attention to this effect.
Furthermore, in this measurement system, resonant field Hr and resonant frequency ωr can be measured simultaneously and if demagnetization factor is known, 4πMs is also measurable. If the dimensions of specimens are quite same each other, the relative comparison of 4πMs is possible with fair accuracy. In the production site of garnet, this system could be very useful for quality control of 4πMs as well as ΔH ω .
The reason why all shielded microstrip line is used as a test fixture is for the purpose to avoid proximity effect of null calibration magnet. It is desired that the upper shield cover in Fig.3 plays role of not only just shielding but also to concentrate energy more densely in the microstrip line.
. Conclusion
In this paper, the new measurement system of FMR line width ΔH ω of microwave ferrite has been proposed using an all shielded shorted microstrip line and sweeping frequency under constant magnetic field. Nowadays, many kinds of high performance VNA are popularized in the industry. This measurement method is not only extensively easier than the conventional method as described in IEC60556 but also enable us to measure narrower line width with high accuracy over wide frequency band. Especially, Gilbert relaxation coefficient α is defined in the frequency domain so that this system will be mostly appropriate to measure this value. 
